Parasympathetic paragangliomas (OMIM #168000) originate from neural crest-derived chief cells in the paraganglia. The tumors occur mostly in the head and neck region, with the carotid body being the most frequent location of paragangliomas, followed by the jugulotympanic paraganglia. The tumors are slowly growing, highly vascularized, and mostly benign, but metastatic spread is found iñ 10% of patients (reviewed in 1). A positive family history is present in 10 to 50% of the patients (2-4), but genetic predisposition may also be present in 8 to 32% of isolated patients (5, 6) . Genetic predisposition to parasympathetic paraganglioma was recently revealed by the identification of germline mutations in subunit D of the mitochondrial succinate dehydrogenase enzyme complex II (SDHD) in familial paraganglioma patients (7) . Since then, mutations in other subunits, B (SDHB) and C (SDHC) of complex II, have also been found to predispose to paraganglioma development (8, 9) . Co-occurrence of parasympathetic paragangliomas and their sympathoadrenal counterpart pheochromocytomas and association with Carney's syndrome and neurofibromatosis type 1 has been described (10 -13) .
Apart from mutations in succinate dehydrogenase enzyme complex II, little is known about the pathogenetic mechanisms underlying paraganglioma development. By comparative genomic hybridization, we previously detected that loss of chromosome 11 is the only recurrent chromosomal aberration in parasympathetic paragangliomas, particularly in familial paragangliomas (14) . Overall DNA copy number changes are infrequent, which is in concordance with the benign and slow-growing nature of these tumors. Flow cytometric analyses revealed DNA aneuploidy in 21-50% of the tumors, which was not predictive of malignant behavior or decreased survival (15) (16) (17) . A few immunohistochemical studies have suggested a paracrine/autocrine role for IGF-II, c-myc, bcl-2, and c-jun in paraganglioma pathogenesis (18 -21) .
The mitochondrial succinate dehydrogenase enzyme complex II is involved in the citric acid cycle and the aerobic respiratory chain (22) . A complete loss of complex II enzymatic activity, due to inactivating mutations in the SDHB, SDHC, or SDHD gene and loss of heterozygosity of the corresponding wild type allele, leads to a high expression of hypoxicangiogenic responsive genes like vascular endothelial growth factor (VEGF) and endothelial periodic acidSchiff domain protein 1 (EPAS1/HIF2␣) (23, 24) . The fact that cellular hypoxia stimulates paraganglioma development is further suggested by a markedly increased incidence of carotid body paragangliomas in people living permanently under hypoxic conditions (at high altitude or because of chronic obstructive pulmonary disease) (25) (26) (27) . Cellular stress such as DNA damage or hypoxia induces p53 (28) , after which MDM2 is up-regulated to serve as negative feedback for p53. Induction of the tumor suppressor gene p53 results in cell cycle arrest at the G0-G1 boundary, but when p53 is mutated, control of cell proliferation is lost. Cells with mutated p53 have a growth advantage compared with the surrounding cells, and this can contribute to tumor formation. Obviously, paraganglioma cells escape from hypoxia-induced cellular senescence. One of the mechanisms for circumventing the hypoxia-induced cellular senescence is the inactivation of p53. In numerous tumor types, p53 inactivation is caused by mutation in the p53 gene itself or by MDM2 overexpression (29, 30) . The MDM2 protein targets p53 for proteasomal degradation and is as such involved in the perturbation of p53 function (31, 32) . There is strong evidence that p53 mutation and MDM2 overexpression are mutually exclusive in most tumors and represent two alternative mechanisms to inactivate suppression of cell growth.
In paragangliomas, investigations on p53 alterations are scarce, and molecular analysis especially is lacking (33) (34) (35) . These data prompted us to determine the expression of p53 and MDM2 in a series of hereditary and sporadic paragangliomas. In addition, p53 exons 5-8 were investigated for mutations by PCR-SSCP.
METHODS

Patients and Tumor Samples
From our archival files, we randomly selected 43 parasympathetic paragangliomas from 41 patients who were diagnosed between 1987 and 2000 at the Erasmus Medical Center, Rotterdam, The Netherlands (see Table 1 ). Of these patients, 24 were female and 17 were male. The mean age was 42 years (range, 20 -74 y), and 17 patients (41%) had a positive family history. SDHD mutation analysis had been performed previously in all patients, and germline mutations were found in 24 (59%) patients: 16 patients had the Dutch founder mutation D92Y, 6 patients harbored the L95P mutation, and in 2 patients, the L139P mutation was found (6) . Table 1 summarizes all relevant clinical characteristics of the 41 paraganglioma patients evaluated for p53/MDM2 alterations in this study.
DNA Isolation
DNA was isolated from frozen (n ϭ 7) or (n ϭ 36) paraffin-embedded tissues. Tissue regions consisting of Ն80% neoplastic cells were selected from H&E-stained sections. These regions were manually dissected from (deparaffinized) unstained consecutive sections. White blood cell pellets from healthy volunteer blood donors and cell pellets from cultured tumor cells were used as controls. Dissected tissue fragments and the cell pellets were digested overnight at 56°C in 200 L of digestion buffer containing 10 L of Proteinase K (20 g/L), 50 mmol/L Tris-HCL (pH 8.0), 100 mmol/L EDTA, and 0.5% sodium dodecyl sulfate. DNA was extracted by phenol-chloroform and precipitated with ethanol. Pellets were dissolved in 10 mM Tris-HCL (pH 7.8).
PCR-SSCP
Exons 5 to 8 of the p53 gene, including the exonintron boundaries, were investigated by PCR-SSCP. As controls, DNA samples from normal individuals were used. In addition, DNA from the prostate carcinoma cell lines PC-3 and Du-145, and from the colorectal carcinoma cell lines Colo-320 and HT-29, with known p53 mutations in exons 5, 6, 7, and 8, respectively, served as positive controls. The DNA isolated from routine formalin-fixed and paraffin-embedded tissues is highly degraded; therefore, we used smallamplicon (Ͻ200 bp) PCR to investigate exons 5-8 of the p53 gene. All four exons were amplified in two fragments each, as recently described (36) . PCR was performed in 15-L reaction volume consisting of (per 50 L): 1 U Taq DNA polymerase (Promega, Madison, WI), 1.5 mM MgCl 2 , 200 ng of each primer, 0.2 mM dGTP, dTTP, dCTP, 0.02 mM dATP, 2.5 Ci ␣-32 P-dATP, and approximately 100 ng of DNA. Temperatures for amplification were 95°C for 30 seconds, 55°C for 45 seconds, and 72°C for 45 seconds. These steps were repeated for 35 cycles, followed by a final extension at 72°C for 10 minutes. The PCR product was diluted with an equal amount of loading buffer (95% formamide; 10 mM EDTA, pH 8.0; 0.025% bromophenol blue; and 0.025% xylene cyanol) and denaturated at 95°C for 5 minutes. The solution was chilled on ice, and 4 L was loaded on a 8% polyacrylamide gel (acrylamide to bisacrylamide, 49:1) containing 10% glycerol. Electrophoresis was performed at 8W for 16 hours at room temperature. Gels were vacuum dried at 80°C and exposed to X-ray films.
Immunohistochemistry
Five-micrometer sections of paraffin-embedded tumors were mounted onto amino-alkyl-silanecoated slides and deparaffinized. Subsequently, slides were washed twice in 100% alcohol, incubated for 20 minutes in 3% H 2 O 2 in methanol, and rinsed with tap water. A microwave antigen retrieval method (15 min in citrate buffer, pH 6, at 600 W) was used, followed by incubation for 15 minutes in 10% normal goat serum (DAKO, Glostrup, Den-
1B10 (Novocastra Laboratories, Newcastle upon Tyne, United Kingdom) was used at a dilution of 1:25 for 30 minutes at room temperature, both followed by biotinylated goat-anti-multilink and streptavidin-biotin peroxidase complex (both undiluted; Lab Vision Corporation, Fremont, CA). Visualization was achieved by diaminobenzidine tetrahydrochloride (Fluka, Neu-Ulm, Germany) with 3% H 2 O 2 for 7 minutes.
In the negative control reactions, the primary antibodies were omitted from the dilution buffer (phosphate-buffered saline with 5% bovine serum albumin). A p53-positive esophageal adenocarcinoma and an MDM2-positive breast carcinoma were used as positive controls.
Staining of p53 and MDM2 was assessed according to the method described by Sinicrope et al. (37) . This method is based on the percentage of positive tumor cells and the staining intensity. A score of 0 to 4 was assigned according to the percentage of positively stained tumor cells: 0 ϭ positive staining in Ͻ5%; 1 ϭ Ͼ5-25%; 2 ϭ Ͼ25-50%; 3 ϭ Ͼ50 -75%; and 4 ϭ Ͼ75%. These results are multiplied by the staining intensity score of the tumor cells: 1 ϭ negative-weak; 2 ϭ moderate; and 3 ϭ strong staining. A multiplied score of Ն6 is regarded as positive staining, and a score of Ͻ6, as negative.
Statistics
Correlations between p53 and MDM2 alterations and SDHD mutation status or clinical features were tested by use of the 2 test or of an unpaired t test. P values of Ͻ.05 were considered statistically significant.
RESULTS
PCR-SSCP Analysis
PCR products of p53 exon 5-8 could be obtained from all 43 tumor/normal DNA samples. By SSCP analysis, no aberrations were found in the 43 tumor samples, whereas the four different p53 mutations in the tumor cell lines were clearly identified with the applied SSCP conditions. Figure 1 shows an example of a PCR-SSCP normal pattern of paraganglioma samples and a band shift of a positive control (PC-3). This cell line contained a C deletion in codon 138 of the p53 gene.
p53/MDM2 Protein Expression and Association with SDHD Mutations
Of 43 paragangliomas, p53 immunoreactivity was detected in 15 tumors (35%) of 13 patients. Three tumors (7%) from different patients showed concurrent MDM2 expression, leaving the majority (n ϭ 28, 65%) of the tumors negative for both p53 and MDM2. Immunoreactivity of p53 and MDM2 was observed both in the nucleus and the cytoplasm. Also, p53 positivity was observed in tumor and stromal cells in all these cases. Figure 2 shows examples of positive and negative staining of p53 and MDM2.
From a patient with bilateral carotid body tumors, one tumor was p53 positive, whereas the other tumor was p53 negative. A vagal and a carotid body tumor of another patient both showed the same expression pattern (p53ϩ/MDM2Ϫ). Of the 13 patients with a p53-positive paraganglioma, 9 had a single paraganglioma, 4 of which recurred after resection. The other 4 paragangliomas with detectable p53 were from patients with bilateral or multiple tumors. There was no correlation between p53/MDM2 status and tumor focality or tumor location. Because hypoxia is known to be present in SDHD-mutated paraganglionic cells and hypoxia is known to stimulate p53 transcription, leading to cell cycle arrest and apoptosis, abrogation of the p53 pathway could especially be expected in SDHDmutated paragangliomas. However, p53 positivity was present in 6 of 25 (24%) tumors with an SDHD mutation, and 9 of 18 (50%) tumors without an SDHD mutation were positive for p53. Similarly, MDM2-positive staining was found in one patient with an SDHD mutation.
By calculating the significance of the correlation of p53 expression with sex, family history, tumor focality (follow-up), site of the tumor, and SDHD germline status, none of these parameters was shown to be significantly associated with absence of p53 immunoreactivity. Results of p53 and MDM2 immunotyping and correlations with tumor and patient characteristics are shown in Table 2 .
DISCUSSION
Experimental and observational evidence indicates that chronic hypoxic stimulation is involved in the tumorigenesis of paraganglioma. Hypoxia is a well-known inducer of p53, which in turn results in cell cycle arrest or apoptosis, a mechanism that is abrogated in most, if not all, cancers. The present study was undertaken to investigate the possible involvement of p53 in the development of parasympathetic paragangliomas with and without SDHD mutations, using immunohistochemical assessment of p53 and MDM2 expression and mutation analysis of p53 exon 5-8.
Fifteen of the 43 investigated paragangliomas (35%) showed nuclear and cytoplasmic p53 immunoreactivity. MDM2 staining was observed in 3 tumors (7%) that were simultaneously positive for p53. We found a p53-MDM2 concordance of 75%, similar to that described in breast and colorectal carcinoma (38, 39) . p53 immunoreactivity was more frequent in paragangliomas without SDHD mutations (50%) than in paragangliomas with SDHD mutations (24%), although this was not statistically significant (P ϭ .08).
Under normal conditions, the p53 concentration in cells is low and cannot be detected by immunohistochemistry. Through cellular stress, the con-FIGURE 2. Immunohistochemical staining of p53 and MDM2 in parasympathetic paragangliomas using the anti-p53 monoclonal antibody Do7 and MDM2 monoclonal antibody 1B10, respectively. A, positive p53 staining (left) of tumor and stromal cells in PGL20, a mediastinal paraganglioma of a patient with a negative family history and no germline SDHD mutation. MDM2 expression is absent in PGL20 (right). B, PGL3, a vagal paraganglioma of a patient with multiple paragangliomas, a positive family history, and a germline D92Y SDHD mutation. Tumor and stromal cells stain positive for p53, whereas MDM2 staining is mainly present in the tumor cells. Note the nuclear and cytoplasmic staining of p53 in both paragangliomas and the cytoplasmic presence of MDM2 in the tumor cells of PGL3.
centration of p53 can rise and hence be detected by immunohistochemistry (40, 41) . In addition, mutant p53 often has a longer half-life than wild type p53 and can be detected immunohistochemically (42, 43) . However, there is no direct correlation between p53 mutation and immunohistochemical p53 overexpression (32, 44) . The immunohistochemical detection of p53 expression in 15 paragangliomas indicates increased wild type p53 expression or the presence of mutant p53. However, no aberrations in exons 5-8 of the p53 gene were found by PCR-SSCP. It is known from the literature that Ͼ95% of p53 mutations are found in exons 5-8 (29), but we cannot exclude the presence of mutations outside this region. In addition, the mutation detection efficiency of PCR-SSCP is not 100%, and mutations could remain undetected, although all four different control p53 mutations were identified by the procedure used. Despite this, we consider our molecular results to be strong indication that p53 mutations do not contribute to paraganglioma tumorigenesis. Moreover, the observation of p53 immunoreactivity in tumor and stromal cells suggests hypoxia rather than gene mutation as the cause of p53 expression. Inactivation of p53 in tumors is often the result of the combination of a mutant p53 allele and 17p allele loss. In several molecular studies, no 17p loss in paragangliomas has been found (14, 45) . This is in accordance with the observed absence of p53 mutations in these tumors. A recent investigation has shown that the increase in p53 during hypoxia is not accompanied by a parallel rise in MDM2 (40) . If p53 is active in the p53-expressing paragangliomas, this implies that the tumorigenic mechanism in these tumors overrules the tumor suppressor capacity of wild type p53. In accordance with this concept, paragangliomas are very slowly growing tumors.
MDM2 overexpression in tumors with wild type p53 accumulation has also been described in bladder, testicular, esophageal, and laryngeal carcinoma and in acute lymphoblastic leukemia (46 -50) . As suggested in the literature, the concomitant expression of MDM2 and p53 proteins indicates inactive p53, implying that p53 is inactive in the three paragangliomas with MDM2 expression in this study. In the remaining 12 p53-positive paragangliomas, p53 could be active, although inactivation of p53 by other proteins like viral oncogenes or cellular proteins cannot be excluded (51) .
In 28 (65%) of the investigated paragangliomas, besides the absence of p53 mutations, no p53 expression was detected. This could point to a p53-independent tumorigenic pathway. Nineteen of these 28 tumors have an SDHD gene mutation resulting in cellular hypoxia. Obviously, hypoxia in these tumors does not lead to p53 up-regulation. However, there are ways to perturb the p53 path- way during tumor development in addition to the commonly seen p53 gene mutations or MDM2 overexpression. These include loss of the ability to stabilize p53 through mechanisms such as loss of ARF or inactivation of kinases, inappropriate localization of p53, and inactivation of downstream mediators of p53 such as Apaf-1 or Bax (52, 53) . Many cancers with wild type p53 show loss of the p14ARF protein, resulting in destabilization of p53 (54) . This loss is often the result of p14ARF locus deletion, but in paragangliomas, loss of chromosomal region 9p has not been observed (14, 45) . Also, in a case report of two brothers with paraganglioma, no allele loss nor mutations in p53 and the 9p gene p16INK4A were found (55) . More than 8 years after radiotherapy, a recurrence appeared to have a p53 as well as a p16INK4A mutation, and those investigators suggest that these mutations may have resulted from the therapy.
In summary, our data indicate that p53 is expressed in Ն35% of paragangliomas, independently of SDHD gene status and not caused by p53 gene mutations. Abrogation of the p53 tumor surveillance mechanism by MDM2 overexpression is detected in a small subset (7%) of these tumors, which also is not associated with SDHD gene mutations. Further experiments are needed to clarify the mechanisms by which paragangliomas escape from apoptotic signals.
